Zebrafish tgfb3 is strongly expressed in a subpopulation of the migrating neural crest cells, developing pharyngeal arches and neurocranial cartilages. To study the regulatory role of tgfb3 in head skeletal formation, we knocked down tgfb3 in zebrafish and found impaired craniofacial chondrogenesis, evident by malformations in selected neurocranial and pharyngeal arch cartilages. Over-expressing tgfb3 in embryos resulted in smaller craniofacial cartilages without any gross malformations. These defects suggest that tgfb3 is required for normal chondrogenesis. To address the cellular mechanisms that lead to the observed malformations, we analyzed cranial neural crest development in morphant and tgfb3 overexpressing fish. We observed reduced pre-migratory and migratory cranial neural crest, the precursors of the neurocranial cartilage and pharyngeal arches, in tgfb3 knockdown embryos. In contrast, only the migratory neural crest was reduced in embryos overexpressing tgfb3. This raised the possibility that the reduced number of cranial neural crest cells is a result of increased apoptosis. Consistent with this, markedly elevated TUNEL staining in the midbrain and hindbrain, and developing pharyngeal arch region was observed in morphants, while tgfb3 over-expressing embryos showed marginally increased apoptosis in the developing pharyngeal arch region. We propose that both Tgfb3 suppression and over-expression result in reduced chondrocyte and osteocyte formation, but to different degrees and through different mechanisms. In Tgfb3 suppressed embryos, this is due to impaired formation and survival of a subpopulation of cranial neural crest cells through markedly increased apoptosis in regions containing the cranial neural crest cells, while in Tgfb3 over-expressing embryos, the milder phenotype is also due to a slightly elevated apoptosis in these regions. Therefore, proper cranial neural crest formation and survival, and ultimately craniofacial chondrogenesis and osteogenesis, are dependent on tight regulation of Tgfb3 protein levels in zebrafish.
tgfb3 in head skeletal formation, we knocked down tgfb3 in zebrafish and found impaired craniofacial chondrogenesis, evident by malformations in selected neurocranial and pharyngeal arch cartilages. Over-expressing tgfb3 in embryos resulted in smaller craniofacial cartilages without any gross malformations. These defects suggest that tgfb3 is required for normal chondrogenesis. To address the cellular mechanisms that lead to the observed malformations, we analyzed cranial neural crest development in morphant and tgfb3 overexpressing fish. We observed reduced pre-migratory and migratory cranial neural crest, the precursors of the neurocranial cartilage and pharyngeal arches, in tgfb3 knockdown embryos. In contrast, only the migratory neural crest was reduced in embryos overexpressing tgfb3. This raised the possibility that the reduced number of cranial neural crest cells is a result of increased apoptosis. Consistent with this, markedly elevated TUNEL staining in the midbrain and hindbrain, and developing pharyngeal arch region was observed in morphants, while tgfb3 over-expressing embryos showed marginally increased apoptosis in the developing pharyngeal arch region. We propose that both Tgfb3 suppression and over-expression result in reduced chondrocyte and osteocyte formation, but to different degrees and through different mechanisms. In Tgfb3 suppressed embryos, this is due to impaired formation and survival of a subpopulation of cranial neural crest cells through markedly increased apoptosis in regions containing the cranial neural crest cells, while in Tgfb3 over-expressing embryos, the milder phenotype is also due to a slightly elevated apoptosis in these regions. Therefore, proper cranial neural crest formation and survival, and ultimately craniofacial chondrogenesis and osteogenesis, are dependent on tight regulation of Tgfb3 protein levels in zebrafish. 
Introduction
The transforming growth factor b (TGFb) family consists of several structurally related, extracellular polypeptide growth factors that regulate a plethora of biological processes during embryogenesis including cellular proliferation, recognition, differentiation, apoptosis, and specification of developmental cell fate (Schmierer and Hill, 2007; Shi and Massague, 2003) . It also functions in mature tissue to inhibit cell growth and tumorigenesis. A member of the TGFb family, TGFb3 has been shown to regulate palate development in mice (Kaartinen et al., 1995; Proetzel et al., 1995) . Tgfb3 transcripts have been detected in the medial epithelial edge (MEE) of the palatal shelves during mouse palatal fusion (Fitzpatrick et al., 1990) , and absence of this gene results in palatal clefting and abnormal pulmonary formation (Kaartinen et al., 1995; Proetzel et al., 1995) . The importance of TGFb3 in palatogenesis has been well established over the years, particularly at later stages when the newly formed MEE undergoes disintegration for palatal confluency. Studies of mouse and chick palate cultures show that Tgfb3 is required for fusion of the palatal shelves at the MEE, either through stimulation of chondroitin sulphate proteoglycan (CSPG) production by the MEE cells or through induction of filopodia-like structures on the outer cell membrane of MEE cells (Gato et al., 2002; Taya et al., 1999) . In addition, Tgfb3 is involved in tissue remodeling by regulating the expression of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) during palatal fusion (Blavier et al., 2001) .
Recent studies conducted in mice have shed some light on the possible molecular mechanisms of Tgfb3 action during palatogenesis. Tgfb3-induced palatal fusion is mediated by the Alk5/Smad2 (activin receptor-like kinase 5/''SMA2'' in Caenorhabditis elegans or ''MAD2'' in Drosophila) signaling pathway (Dudas et al., 2004) , whereby Smad2 is phosphorylated and subsequently activates transcription of Lef1 (lymphoidenhancing factor 1) in MEE cells (Nawshad and Hay, 2003) . Lef1 in turn binds to the E-cadherin promoter and represses its transcription, leading to epithelial mesenchymal transformation (EMT) and cell migration . Furthermore, MEE cells isolated from mice can chronologically undergo cell cycle arrest, cell migration and apoptosis to generate palatal confluency in response to TGFb3 treatment (Ahmed et al., 2007) .
Additionally, several studies have reported an association between TGFb3 and non-syndromic oral clefting in the Caucasian (Beaty et al., 2002; Jugessur et al., 2003; Lidral et al., 1998; Maestri et al., 1997; Mitchell et al., 2001; Romitti et al., 1999; Scapoli et al., 2002; Slayton et al., 2003; Vieira et al., 2003) , Japanese (Ichikawa et al., 2006; Sato et al., 2001) , and Korean (Kim et al., 2003) populations. However, other studies in the Filipino (Lidral et al., 1997) , Caucasian (Beaty et al., 2001) , Lithuanian (Morkuniene et al., 2007) , Vietnamese (Suzuki et al., 2004) , and Japanese (Tanabe et al., 2000) populations did not find a disease association for this gene. More recently, a European study showed strong evidence for a parent-of-origin overtransmission effect of this gene, with maternal transmission of the T-allele of the single nucleotide polymorphic marker rs2300607 carrying a higher disease risk compared with paternal transmission (Reutter et al., 2008) .
The majority of TGFb3 studies have focused on the cellular and molecular mechanisms underlying MEE seam degeneration and MEE cell fate during palatal fusion, while little is known about its effect on the cranial neural crest (CNC), precursors of cartilage and bone. CNC fate determination constitutes an important developmental event as the successful migration, proliferation and differentiation of CNC cells are crucial for normal craniofacial development. Neural crest cells are a population of pluripotent progenitor cells that are formed at the neural plate border during neurulation. Soon after they are formed, most cells migrate extensively throughout the embryo and participate in the formation of a variety of structures including cartilage and bone. The zebrafish anterior neurocranium (ANC) and viscerocranium are neural crest-derived (Eberhart et al., 2006; Kimmel et al., 1998 Kimmel et al., , 2001 Wada et al., 2005) . The most anterior neural crest cells of the first presumptive neural crest stream (just posterior to the eye) contribute to the formation of the ANC, which comprise the ethmoid plate and trabeculae. Neural crest cells that are slightly more posterior contribute to the pterygoid process of the palatoquadrate, while even more posterior neural crest cells contribute to the Meckel's cartilage and palatoquadrate. The remaining pharyngeal arches 2-7 are derived from cells of neural crest streams 2 and 3. RT-PCR of i1e2-MO and e1i1-MO injected embryos detects the presence of 362 bp and a 311 bp splice-modified tgfb3 transcript fragments, respectively, which are not observed in uninjected controls (U). b-actin (561 bp) was used at a loading control. (E) Real-time relative quantitative PCR reveals a 50% reduction in normally-spliced tgfb3 mRNA in i1e2-MO injected embryos compared to uninjected controls at 1 dpf and 4 dpf. (F) Co-injection of e1i1-MO with i1e2-MO suppresses correctly-spliced tgfb3 mRNA by 93% compared to uninjected controls at 1 dpf. Standard deviations are based on three biological replicates. (G) Normal expression of tgfb3 in a subpopulation of migrating neural crest cells at the 18-somite and 24 hpf stages, and in the ethmoid plate (ep), pharyngeal arch (pa), pectoral fin (pf), lens (le) and heart (ht) at 48 hpf. Red staining marks dlx2a-positive neural crest streams S1-S3. We previously observed a high degree of nucleotide, amino acid, and gene structure conservation of tgfb3 between zebrafish and other species, including complete conservation of the cysteine knot structure that facilitates protein-protein interaction (Cheah et al., 2005) . Transcripts of tgfb3 are first detected in the notochord of 10-somite stage zebrafish embryos and persisted until high-pec stage, and subsequently in the migrating CNCs at the 18-somite stage, the developing pharyngeal arch and neurocranial cartilages at 48 hpf, the optic lens and the heart beginning at the 21-somite stage, and the pectoral fins at the prim-25 stage. We now report that perturbation of tgfb3 expression adversely affects formation and survival of a subpopulation of the CNC cells, leading to reduction/loss of selected pharyngeal and craniofacial cartilaginous and bony structures in the developing zebrafish, demonstrating a role for tgfb3 in CNC formation and survival.
Results

Morpholino-mediated reduction of tgfb3 transcript levels
Initial gene knockdown studies were performed using three antisense morpholinos (MOs), of which T-MO is translation blocking, while e1i1-MO and i1e2-MO are splice-modify- Fig. 2 -Effect of tgfb3 knockdown and over-expression on craniofacial chondrogenesis in 4 dpf hatchlings (A-T). Wholemount lateral (A-H, U-X), and flat-mount dorsal (I-L), ventral (M-P) and lateral (Q-T) views are shown. In the uninjected and STD-MO injected hatchlings, the mouth opening (arrow) is located anteriorly to both eyes (A, B), and the craniofacial cartilages (E, F) including the neurocranium (I, J) and pharyngeal arches (M, N) are distinct and normally developed. Lateral flat-mount of the first pharyngeal arch shows that the Meckel's cartilage, palatoquadrate and hyosymplectic are normally formed (Q, R). In the i1e2 + e1i1 double morphant hatchling, the mouth opening is ventrally rotated (C), and the craniofacial cartilages appear under-developed (G), including a smaller neurocranium (K), hypoplastic posterior pharyngeal arches (O) and the absence of the basihyal (inset in O). Lateral flat-mount of the first pharyngeal arch shows that the Meckel's cartilage, palatoquadrate and hyosymplectic are under-developed (S). In the tgfb3 over-expressed hatchlings, no obvious abnormalities could be detected in the mouth opening (D) or the craniofacial cartilages (H, L, P, T). Insets in M-P show the zoom-in view of the dashed box area. bh, basihyal; cb1-5, ceratobranchial arches 1-5; ch, ceratohyal; e, eye; ep, ethmoid plate; hs, hyosymplectic; ht, heart; m, Meckel's cartilage; nt, notochord; ov, otic vesicle; pa, pharyngeal arches; pc, polar cartilage; pch, parachordal; pf, pectoral fin; pp, pterygoid process of palatoquadrate; pq, palatoquadrate; tr, trabecula. Black horizontal scale bars, 200 lm. ing (Fig. 1A ). All three MOs produced nearly identical head skeletal phenotypes as determined by Alcian blue staining and these phenotypes could be rescued by injecting tgfb3 capped mRNA (Fig. 1B , Supplemental data). In addition to the cartilage defect, we also observed similar heart edema in all three MO-injected embryos, consistent with the strong expression of tgfb3 in the myocardium of the developing heart (Cheah et al., 2005) . Using qualitative RT-PCR analysis, splicemodified tgfb3 transcripts were detected in both i1e2-MO and e1i1-MO injected embryos (Fig. 1C, D) . Quantitative real-time RT-PCR analysis was also performed to determine the effect of the splice-modifying MOs on levels of correctly spliced tgfb3 transcript. Injection of i1e2-MO alone resulted only in partial reduction of correctly-spliced tgfb3 transcript at 1 dpf (46%) and 4 dpf (40%), compared to samestage uninjected controls (Fig. 1E ). In contrast, co-injection of i1e2-MO and e1i1-MO resulted in almost complete (93%) suppression of spliced transcript at 1 dpf (Fig. 1F) . Therefore, subsequent knockdown experiments were performed using co-injection of i1e2-MO and e1i1-MO.
tgfb3 dysregulation adversely affects craniofacial cartilage formation
Zebrafish tgfb3 is strongly expressed in a subpopulation of cells of cranial neural crest (CNC) streams 1-3, from the 18-somite through 24 hpf stages, with strong expression in the caudal circumference of stream 2, and in the CNC-derived ethmoid plate and pharyngeal arches at 48 hpf (Fig. 1G , Supplemental data). In addition, it is also expressed in the notochord from the 10-somite stage to the high-pec stage (Cheah et al., 2005 , Supplemental data).
Alcian blue staining was performed on 4 dpf hatchlings to examine the effect of tgfb3 knockdown and over-expression on craniofacial cartilage formation. Compared to uninjected ( Fig. 2A, E, I , M, Q) and STD-MO injected (Fig. 2B, F , J, N, R) controls, i1e2 + e1i1 double-MO injected hatchlings exhibited reduced first and second pharyngeal arches and neurocranial cartilages, and severe disruption of pharyngeal arches 3-7 (Fig. 2C , G, K, O, S; Table 1 ). Specifically, the medial-edge of the Meckel's cartilage extended anteriorly only as far as the anterior edge of the eyes and was slightly indented. The ceratohyal that forms part of the lower jaw appeared malformed, the hyosymplectic and palatoquadrate including the pterygoid process were reduced, and the basihyal was absent. In the neurocranium, the anterior edge of the ethmoid plate appeared under-developed. The cartilages of the neurocranium and posterior pharyngeal arches also appeared hypoplastic. In contrast, tgfb3 over-expressing hatchlings exhibited apparently normal Alcian blue staining, although craniofacial cartilages were marginally reduced (Fig. 2D , H, L, P, T; Table 1 ). Fig. 4 -Effect of tgfb3 knockdown and over-expression on craniofacial bone formation in 13 dpf hatchlings (A-U). Wholemount lateral (A-C), flat-mount dorsal (D-F,) and flat-mount ventral (G-U) views are shown. In the uninjected 13 dpf hatchling (A), several ossified vertebrae (asterisks) are distinctly visible. These vertebrae are considerably less ossified in the knockdown morphant (B), and entirely undetectable in the tgfb3 over-expressed hatchling (C). The parasphenoid of the neurocranium (ps) and rostral tip of the notochord (nt) are also normally ossified at 13 dpf (D). Alizarin red staining of these structures is marginally weaker in the knockdown morphant (E), and completely absent in the RNA injected hatchling (F). Pockets of ossification in the hyomandibula (hm) that are normally present at 13 dpf hatchling (G, P) are absent in both the knockdown morphant (H, Q) and over-expressed hatchling (I, R). In addition, the maxilla (max), opercle (op), entopterygoid (ent), ceratohyal (ch), branchiostegal rays (bsr), cleithrum (cl) and ceratobranchial arch 5 (cb5) are under-ossified in the knockdown morphant (H), and completely un-ossified in the over-expressed hatchlings (I). Compared with uninjected hatchling (J, M), the quadrate (qu) and ceratohyal (ch) which form the lateral palate and lower jaw, respectively, are underossified in the morphant (K, N), and completely un-ossified in the tgfb3 over-expressing hatchling (circles in L, O). In addition, the hyomandibula (hm) is un-ossified (circle) and opercle (op) lacks the characteristic fan-shape structure in the morphant (Q) compared to uninjected hatchling (P). In the RNA injected hatchling (R), both the hyomandibula (circle) and opercle are completely un-ossified. The number of branchiostegal rays (bsr) is also reduced and under-ossified, and un-ossified in the knockdown morphant (T) and over-expressing hatchling (U), respectively. Grey and black horizontal scale bars represent 200 lm and 150 lm, respectively.
c Whole-mount in situ hybridization (WISH) analysis of 2 dpf embryos with sox9a, a chondrocyte differentiation marker, revealed markedly reduced expression in the pharyngeal arches and neurocranial cartilages of i1e2 + e1i1 double-MO injected embryos when compared with uninjected and STD-MO injected controls (Fig. 3A- C, E-G; Table 2 ). Similar reduction of sox9a expression in the pharyngeal arches and neurocranial cartilages was observed in i1e2 single-MO injected embryos (Fig. 3I-J, L-M) . These results suggest that down-regulation of tgfb3 expression adversely affects craniofacial chondrogenesis.
Sox9a staining in the pharyngeal arches and neurocranial cartilages of tgfb3 over-expressing embryos showed no significant differences in pharyngeal arches but a slight reduction in the ethmoid plate compared with uninjected and STD-MO injected controls (Fig. 3D, H, K, N) . Therefore, the subtle cartilage reduction in tgfb3 up-regulated embryos is likely due to an early reduction of the sox9a expression in the ethmoid plate.
tgfb3 dysregulation adversely affects craniofacial bone formation
A majority (>80%) of the i1e2 + e1i1 double-MO injected and tgfb3 over-expressing embryos (400 pg mRNA injection per embryo) were severely affected and did not survive beyond 7 dpf, especially those with associated cardiac edema and craniofacial malformation. To examine the effect of tgfb3 knockdown and over-expression on craniofacial bone formation, dual-color cartilage and bone staining analysis was performed on the 13 dpf i1e2 single-MO injected and tgfb3 overexpressing (200 pg mRNA injection per embryo) hatchlings ( Fig. 4 ; Table 1 ). Compared with uninjected controls (Fig. 4A , D, G, J, M, P, S), i1e2-MO injected hatchlings had under-ossified vertebrae and craniofacial dermal bones (maxilla, parasphenoid, opercle, cleithrum and branchiostegal ray), under-ossified perichondral bones (ceratohyal, ceratobranchial 5 and entopterygoid), and completely un-ossified perichondral bones (hyomandibula and quadrate) (Fig. 4B , E, H, K, N, Q, T). Therefore, down-regulation of tgfb3 expression adversely affects the formation of vertebrae, cephalic dermal bones, and especially perichondral bones, in the latter case a possible consequence of the earlier impairment of chondrogenesis.
In contrast, in hatchlings with tgfb3 over-expression, the corresponding vertebrae and craniofacial dermal (parasphenoid, opercle, cleithrum and branchiostegal ray) and perichondral (ceratohyal, ceratobranchial 5, entopterygoid, hyomandibula and quadrate) bones were completely un-ossified (Fig. 4C, F, I , L, O, R, U). To determine if the absence of any dermal and perichondral bones in the double-MO knockdown and tgfb3 over-expressing hatchlings was due specifically to absence of osteoblast differentiation, or to a general delay in development, we performed WISH analysis of 4 dpf embryos using osx, a molecular marker for early osteoblasts (Renn and Winkler, 2009; Spoorendonk et al., 2008) . We observed a reduction in osx staining in both double-MO injected and tgfb3 over-expressing hatchlings compared to uninjected and STD-MO injected controls ( Fig. 5A-P) , suggesting that the lack of dermal and perichondral bones in the knockdown morphants and tgfb3 over-expressing hatchlings is likely a result of disrupted osteoblast differentiation in these injected hatchlings.
tgfb3 dysregulation leads to a reduction in migratory neural crest cell populations
To investigate the cause of the cartilage and bone malformations described above, we examined the effect of tgfb3 dysregulation on neural crest cell induction and migration. Premigratory and migratory neural crest cells were analyzed using the molecular markers foxd3, sox10 and dlx2a, in both i1e2 + e1i1 double-MO injected and tgfb3 RNA injected embryos ( Fig. 6; Table 2 ). In double-MO injected embryos at the 7-somite stage (Fig. 6C, G, K, O) , the expression domains of both pre-migratory neural crest markers foxd3 and sox10 were reduced, and did not extend as anteriorly and ventrally, when compared with same-stage uninjected (Fig. 6A, E, I , M) and STD-MO injected controls (Fig. 6B, F, J, N) , suggesting a delay or disruption in formation or early migration. In contrast, the foxd3 and sox10 expression patterns in tgfb3 over-expressing embryos were similar to uninjected and STD-MO injected controls (Fig. 6D , H, L, P; Table 2 ).
At the 14-somite stage, double-MO injected embryos exhibited reduced dlx2a expression domains in all three neural crest streams (Fig. 6S , W, AA) compared to same-stage uninjected (Fig. 6Q , U, Y) and STD-MO injected (Fig. 6R , V, Z) controls, most notably in the anterior region of streams 1 and 2. Interestingly, same-stage tgfb3 over-expressing embryos also displayed reduced dlx2a expression domains (Fig. 6T, X, AB) . The results suggest that tgfb3 down-regulation suppresses neural crest cell formation, leading to reduced numbers of migratory neural crest cells. In contrast, over-expression of tgfb3 has no visible effect on neural crest cell formation, even though the migratory neural crest cells are reduced.
tgfb3 dysregulation leads to changes in apoptosis and cellular proliferation
To evaluate if the neural crest cell reductions in MO-injected and tgfb3 over-expressing embryos could be mediated by increased apoptosis, we utilized the transgenic fli1a-GFP fish line to visualize the cranial neural crest and crest-derived cells (Hong et al., 2008; Lawson and Weinstein, 2002) in double-MO injected and tgfb3 over-expressing embryos (Fig. 7) . GFP fluorescence intensity in the developing pharyngeal arch region of both 1 dpf double-MO injected and tgfb3 overexpressing embryos was visibly reduced compared with uninjected and STD-MO injected controls (Fig. 7A-L) . TUNEL staining revealed a marked increase in apoptotic (stained) cells in the morphants, including in the developing pharyngeal arch region (Fig. 7M-O) . A milder increase in apoptotic cells was observed in tgfb3 over-expressing embryos (Fig. 7P) .
To investigate the effect of reduced and increased tgfb3 expression on cell proliferation during development, we immunohistochemically stained for proliferating cell nuclear antigen (PCNA) in double-MO injected and tgfb3 over-expressing embryos at the 18-somite stage. There was no apparent difference in the numbers of PCNA positive stained nuclei in the developing pharyngeal arch region between the experimental and control groups, suggesting that neural crest cell proliferation is not affected by either down-or up-regulation of tgfb3 expression (Fig. 7Q-T) .
Taken together, these observations suggest that the reduced numbers of migrating neural crest cells in i1e2 + e1i1 double-MO injected and tgfb3 over-expressing embryos may be mediated by different mechanisms. The reduced numbers in i1e2 + e1i1 double-MO injected embryos may be mediated by both a suppressed neural crest cell formation and an increased apoptosis in the developing pharyngeal arch region containing the neural crest cells and neural crest-derived cells, while the reduced numbers in tgfb3 over-expressing embryos may simply reflect a slightly elevated apoptosis in this region too. These effects eventually result in different degrees of craniofacial cartilage and bone defects.
Discussion
In recent years, key components of the hierarchy that regulates craniofacial development in mammals have been iden-tified, including TGFb3. Most cellular studies have focused on the role of TGFb3 in MEE cells during palatal fusion, and relatively little is known about the function of TGFb3 in CNC cells during craniofacial development. CNC cells are the precursor cells of craniofacial cartilages and bones in vertebrates (LaBonne and Bronner-Fraser, 1999) . We previously observed that zebrafish tgfb3 is strongly expressed in a subpopulation of migrating CNC cells from the 18-somite stage onwards and in the developing pharyngeal arch and neurocranial cartilages at 48 hpf, suggesting a role for tgfb3 in CNC cells and in craniofacial development (Cheah et al., 2005) . We have now demonstrated through tgfb3 knockdown and over-expression studies that normal craniofacial development is dependent on regulated expression of tgfb3, and that too much or too little Tgfb3 signaling disrupts cranial neural crest formation, leading to aberrant craniofacial chondrogenesis and osteogenesis.
Role of tgfb3 in zebrafish palatogenesis
TGFb3 has been associated with non-syndromic oral clefting in humans, and its absence causes palatal clefting in mice. In contrast, knockdown of tgfb3 in zebrafish embryos did not cause any clefting of the ethmoid plate, the analogous structure to the mammalian palate, despite a knockdown efficiency of >90% at 1 dpf. However, we did observe that the morphant ethmoid plate and palatoquadrate (which forms the lateral part of the larval palate) are severely under-developed. In the tgfb3 morphants that survived to 13 dpf, the quadrate bone, which arises from the palatoquadrate cartilage and forms the main part of the upper jaw skeleton and lateral part of the larval palate, is completely un-ossified, most likely a direct consequence of the under-developed palatoquadrate. These observations clearly support a role for tgfb3 in zebrafish palatogenesis, although not in a manner identical to mammals. In mice, Tgfb3 is involved in mediating palatal fusion via repressing E-cadherin transcription, leading to epithelial mesenchymal transformation (EMT) and cell migration (Dudas et al., 2004; Nawshad and Hay, 2003; Nawshad et al., 2007) . Under the influence of Tgfb3, the murine palatal MEE cells undergo cell cycle arrest, cell migration and apoptosis to generate palatal confluency (Ahmed et al., 2007) . In comparison, our data shows that the role of zebrafish tgfb3 in palatogenesis differs from murine Tgfb3. In fact, some of the affected cranial neural crest-derived tissues or craniofacial structures observed in tgfb3 knockdown morphants are more similar to those seen in Tgfb2 null mice (Sanford et al., 1997) , suggesting a possible similar neural crest deficiency situation.
3.2.
Requirement for tgfb3 in cranial neural crest formation and survival TGFb signaling has been reported to play significant roles in patterning and specification of CNC cells during craniofacial development (Chai et al., 2003) . In zebrafish, CNC cells that originate from the anterior midbrain dorsal to the eye give rise to the medial ethmoid plate, CNC cells at the midbrain-hindbrain boundary give rise to the trabecular rods and lateral ethmoid plate, slightly more posterior CNC cells give rise to the pterygoid process of the palatoquadrate, while even more posterior CNC cells contribute to the Meckel's cartilage and palatoquadrate (Eberhart et al., 2006; Kimmel et al., 1998 Kimmel et al., , 2001 Wada et al., 2005) .
In our tgfb3 double-MO knockdown morphants, we observed marked reductions in the pre-migratory and migratory CNC domains. Furthermore, tgfb3 knockdown was associated with an increase in apoptosis in the craniofacial region especially in the midbrain and hindbrain region, and also the developing pharyngeal arch region. These observations suggest that the shorter trabeculae, reduced lateral and medial ethmoid plates and palatoquadrate, and absent pterygoid processes in the knockdown morphant are likely a direct consequence of the reduction of a subset of the premigratory and migratory CNC cell population, which in turn may be mediated by apoptosis. To confirm these observations, we used the transgenic fli1a-GFP fish line to demonstrate both a reduction in cranial neural crest and neural crest-derived cells, and an increase in apoptosis in these regions, in knockdown morphants. Together, these data provide the first evidence strongly suggesting that tgfb3 is required for formation and survival of a subset of the CNC cell population.
Thus, the reduction in sox9a-positive chondrocytes at 48 hpf, the smaller Alcian blue stained pharyngeal and neurocranial cartilages in 4 dpf hatchlings, and the absent ossification of dermal and perichondral bones in 13 dpf hatchlings, may represent phenotypic sequelae of the primary disruption to formation and survival of a subpopulation of CNC cells in tgfb3 morphants. Therefore, tgfb3 appears to be essential in promoting chondrogenesis and osteogenesis by regulating the formation and survival of these CNC cells that later form the chondroblasts, osteoblasts and odontoblasts. Our in vivo observations are consistent with previous in vitro human bone marrow and chick wing mesenchymal cell cultures showing an essential role for TGFb3 in promoting chondrogenesis (Barry et al., 2001; Jin et al., 2006) . Interestingly, other members of the transforming growth factor family such as TGFa and BMPs also play a role in chondrogenesis (Chang et al., 1994; Dealy et al., 1998; Ganan et al., 1996) .
3.3.
Regulated expression of tgfb3 is critical for normal craniofacial development Interestingly, up-regulation of tgfb3 expression after RNA injection also resulted in a reduction of the migratory neural crest cell population. However, no gross pharyngeal arch or neurocranial abnormalities were observed, apart from marginally reduced structures. The normal proliferation of neural crest and neural crest-derived cells, together with the normal sox9a expression in the pharyngeal arches and slight reduction in the ethmoid plate, indicate that this mild cartilage reduction is not likely to be caused by disruption of cell proliferation or chondrocyte differentiation. Instead, we ob- Fig. 6 -Effect of tgfb3 knockdown and over-expression on induction and migration of neural crest cells. Whole-mount lateral (A-D, I-L, Q-T) and dorsal (E-H, M-P, U-X), and flat-mount lateral (Y-AB) views are shown. Expression of the pre-migratory neural crest markers foxd3 and sox10 was similar in the uninjected (inset in A, E, inset in I, M), STD-MO injected (inset in B, F, inset in J, N), and tgfb3 over-expressing (inset in D, H, inset in L, P) 7-somite stage embryos. In the i1e2 + e1i1 double knockdown morphants, however, a reduction in expression domain at the anterior region of the bilateral rows of premigratory neural crest cells (arrow) was observed (inset in C, G, inset in K, O). Expression of the migratory neural crest marker dlx2a was similar in the uninjected (Q, U, Y) and STD-MO injected (R, V, Z) embryos at the 14-somite stage. In the double knockdown morphant (S, W, AA), dlx2 expression is visibly reduced in both intensity and domain, in all three neural crest streams especially around the anterior neural crest region of S1 (arrowhead) and S2. The tgfb3 over-expressing embryo (T, X, AB) exhibits only a mild reduction in dlx2a expression. served an elevated level of apoptosis in the pharyngeal arch region. Interestingly, two recent studies reported that TGFb3 increases apoptosis of the limb bud mesenchymal cells in the chick (Jin et al., 2008; Kim et al., 2009) . It is therefore possible that up-regulation of tgfb3 expression in zebrafish may inhibit chondrogenesis via increased apoptosis. However, further studies will be needed to establish whether similar signaling pathways are involved in zebrafish.
4.
Experimental procedures
Zebrafish maintenance
Singapore wild-type (WT) zebrafish and the transgenic fli1a-GFP line were maintained as previously described (Cheah et al., 2005) . Embryos were staged and fixed according to their developmental stages (Kimmel et al., 1995) . 
Gene knockdown
Over-expression
The tgfb3 coding sequence was amplified from a zebrafish expressed sequence tag clone fc78g09.y1 (RZPD, Germany) using the primer pair 5 0 -ATGCATTTGGGCAAAGGAC-3 0 /5 0 -TCAGCTGCACTTGCAGGA-3 0 tailed at their 5 0 ends with restriction sites Bgl II and Spe I, respectively. Purified PCR product was double-digested with Bgl II and Spe I, then ligated to a pT7TS vector (gift from Paul A. Krieg) at Bgl II and Spe I restriction sites. The resulting pT7TStgfb3 construct was sequenced to rule out PCR-induced mutations, then linearized with Sal I and in vitro transcribed using the T7 mMESSAGE mMACHINE kit (Ambion, USA) to generate a 1.23 kb capped tgfb3 mRNA. The synthesized tgfb3 mRNA was translated using the Transcend TM non-radioactive translation system (Promega, USA) to confirm the presence of a translated product of expected molecular weight. Embryos were microinjected at the 1-2-cell stage with 400 pg of capped tgfb3 mRNA unless otherwise stated. Capped mRNA encoding enhanced green fluorescent protein (EGFP) was co-injected to serve as a control for successful microinjection and mRNA translation.
4.4.
Rescue of splice MO knockdown cartilage phenotypes
To rescue the cartilage phenotypes observed in the i1e2-MO knockdown morphants, a 1.23 kb capped tgfb3 mRNA was synthesized as described above and co-injected at 100 pg and 200 pg with i1e2-MO into 1-2 cell stage embryos. The splice MO targets the intron1-exon2 junction site of pre-mRNA; thus there was no need to modify the mRNA sequence used for the rescue experiment as it is not targeted by the splice MO. Injected embryos were harvested at 4 dpf and stained with Alcian blue according to Schilling et al. (1996) .
Qualitative transcript analysis
Total RNA was isolated from i1e2-MO injected and uninjected embryos at 1, 2, 3, and 4 days post-fertilization (dpf), and from e1i1 MO-injected at 1 dpf, using the Trizol TM RNA isolation reagent (Invitrogen, USA). Reverse transcription polymerase chain reaction (RT-PCR) was performed with 0.2 lg of total RNA using the SuperScript TM III One-Step RT-PCR system with Platinum TM Taq DNA Polymerase (Invitrogen, USA). The primer pairs 5 0 -TCACACTTAGTTCATGTTAG-3 0 /5 0 -TGTAG CGCTGCTTGCCGA-3 0 and 5 0 -ACTGAGACTGAGTACTACGC-3 0 / 5 0 -TATTATGAGCTGTCATCATG-3 0 were used to amplify 362 bp and 311 bp fragments that would be diagnostic for the presence of splice-modified tgfb3 transcript generated by i1e2-MO and e1i1-MO mediated splice inhibition, respectively. Another primer pair 5 0 -CGCACTGGTTGTTGACAACG-3 0 /5 0 -AG-GATCTTCATGAGGTAGTC-3 0 was used to amplify a 561 bp control fragment from b-actin mRNA (AF025305). Amplified products were analyzed by agarose gel electrophoresis.
Quantitative (real-time) transcript analysis
Total RNA was isolated in triplicate from i1e2-MO injected, i1e2 + e1i1 double-MO injected, tgfb3 RNA injected and uninjected embryos at the 1 dpf and 4 dpf stages as described above. Potential DNA contamination was removed using the DNA-free TM kit (Ambion, USA). First strand cDNA was synthesized from 2 lg of total RNA using the TaqManÒ Reverse Transcription Reagent kit (Applied Biosystems, USA). The primer pair 5 0 -CGGGCAGGACAACACTGA-3 0 /5 0 -GGCAGTAGGGCAGGT CATTG-3 0 was used to amplify a 98 bp correctly spliced tgfb3 cDNA fragment. Primer pair 5 0 -TGACCCTGAAGTACCCAATT-GAG-3 0 /5 0 -GGCAACACGCAGCTCATTG-3 0 was used to amplify a 98 bp b-actin cDNA fragments. Triplicate PCR reactions were performed for each of the reverse transcribed cDNA samples. PCR reactions were performed in an ABI PRISMÒ 7000 Sequence Detection System (Applied Biosystems, USA). Relative quantification (RQ) values for each sample were determined by normalizing the tgfb3 fluorescence intensities against the corresponding b-actin endogenous control fluorescence intensities. RQ values for the triplicate real-time PCR reactions of each sample were averaged, and the mean and standard deviation of the averaged RQ values for the biological triplicates were determined. A one-tailed paired sample test (t-test) was used to determine statistical significance of differences between MO-injected and uninjected embryos, and between tgfb3 RNA injected and uninjected embryos. 
Cartilage and bone staining
Alcian blue cartilage staining was performed on staged embryos according to Schilling et al. (1996) . Dual-color acidfree cartilage and bone staining was performed on 13 day old hatchlings according to Walker and Kimmel (2007) , except that the MgCl 2 concentration used was 100 mM. Stained whole-mount hatchlings were viewed under a Leica MZ12 5 stereomicroscope (Leica Microsystems, Switzerland). Neurocranium was separated from the viscerocranium by manual dissection and flat-mounted craniofacial cartilages were viewed under an Olympus BX50 microscope (Olympus, Japan). Images were captured using a MicroPublisher TM color digital camera (QImaging TM , Canada) and processed using ImageProÒ Plus version 5 software (MediaCyberneticsÒ, Canada).
4.8.
In situ RNA hybridization analysis
Whole-mount in situ hybridization (WISH) was performed as previously described (Cheah et al., 2005) using digoxigeninlabeled antisense RNA probes for the following tissue markers foxd3 and sox10 (pre-migratory neural crest cells) (Kelsh et al., 2000) , sox9a (cartilage) (Chiang et al., 2001) , and osx (osteoblast) (Renn and Winkler, 2009; Spoorendonk et al., 2008) , and both digoxigenin and fluorescein-labeled antisense RNA probe for dlx2a (migratory neural crest cells) (Akimenko et al., 1994) . Image capture and processing were as described above.
Apoptosis analysis
Apoptosis was evaluated using the TUNEL staining method. Staged embryos were fixed overnight in 4% paraformaldehyde (PFA) at room temperature and stored in 100% methanol. Subsequent washes and rehydration of embryos were performed as described elsewhere (Elmasri et al., 2004) . Apoptotic cells were stained using the ApoTagÒ Peroxidase In Situ Apoptosis Detection kit (Chemicon International, USA) according to manufacturer recommendations, and embryos were visualized with brightfield imaging.
Cellular proliferation analysis
Cells positive for proliferating cell nuclear antigen (PCNA) were detected by whole-mount immunohistochemistry using a mouse anti-rat PCNA primary antibody (Santa Cruz, USA), and a biotin-conjugated anti-mouse secondary antibody and avidin-biotinylated peroxidase complex as described in the Vectastain Elite Kit (Vector Laboratories, USA). The binding sites of the primary antibodies were visualized by a 3,3 0 -diaminobenzidine (DAB) substrate (Sigma, USA).
